Abstract-We report our progress toward development of new generation on-line enrichment monitoring technology for UF6 gas centrifuge plants based on a transmission source and aNal spectrometer. We use an X-ray tube with transmission filters instead of a decaying isotopic transmission source to eliminate the costly replacement of this source. The UF6 gas density measurement is based on the energy dependency of the mass attenuation for two characteristic X-ray lines generated by the transmission filters. An analytical expression for the UF6 density is derived and criteria for the selection of transmission energies are discussed. Because of the differential method of measurement, the UF6 gas density does not depend on the intensity of the X-ray source. We describe a design of a sealed UF6 gas test stand for development testing and calibration of various on-line enrichment monitoring instruments. The sealed source is intended to replace a UF6 gaseous loop currently used for calibration.
I. INTRODUCTION
T he classical approach to enrichment monitoring uses a gamma-ray spectrometer to measure the intensity of the 186-keV gamma ray characteristic of 235U decay. Corrections for variations in the UF6 gas density are made by monitoring the intensity of an x-or gamma-ray transmitted through the pipe or vessel from an external source [I] , [2] measured by the same Nal gamma spectrometer. The UF 6 gas density is calculated from two attenuation measurements: one for the pipe material only (a so called "empty pipe calibration") measured infrequently and one for the pipe plus gas in the pipe during the operational periods between the calibrations. Because of low pressure in the pipe, the attenuation in the gas is typically a couple percent . This sets very high requirements for instrumentation stability often reaching the limits of current state of the art technology. Two on-line enrichment measurements systems have been deployed and provide us operational experience: the continuous enrichment monitor (CEM0) [3] , installed on a low-pressure enrichment product header line for qualitative enrichment control, and the enrichment monitor for semi-quantitative measurement of the blend -down process (BDMS) [4] installed on higher pressure lines. The 22-keV X-ray line from 109Cd, used in CEMO, is a perfect choice with respect to the sensitivity to UF 6 attenuation (about Io/oitorr/IOO-mm diameter) but the need for periodic replacement of the decaying source makes it practically useless. There is not a suitable radioactive isotope for this type of transmission measurements, and the low sensitivity and the environmental instability are major challenges for proper operation. We have explained the environmental factors causing instability in the transmission peak intensity [5] , [6] and have developed a thermostabilized Nal(TI) detector to correct for the temperature problem. The propagation of instrumentation error in the enrichment results, stability and accuracy requirements for the instrumentation, and basic design concepts of the Continuous Enrichment Monitor for qualitative measurements and the Advanced Enrichment Monitor for quantitative measurements have been reported [7] .
In this paper, we report on our technical approach for replacement ofthe decaying radioactive source and mitigation of the impact of the instrumentation instabilities by intrinsic self calibration. We also describe a simple design of a laboratory sealed UF6 gas source for design, testing, and calibration of various on-the-pipe enrichment monitors (FEMO, CEMO, and CHEM). Because of the low resolution of a Nal detector, the pulse height spectrum for each absorber is acquired in separate memory. The accumulation process is governed by the rotating mechani sm.
II. DESIGN CONCEPT FOR AN AnvANCED ENRICHMENT MONITOR
The new generation of the on-line enrichment monitoring technology addresses two substantial shortcomings of current technology: replacement of the decaying radioactive source and improvement of the stability of the transmission measurements. Our design concept is based on use 0 f an X-ray tube with transmission filters as a replacement of the decaying radioactive source. The X-ray tubes are very mature radiation generating devices providing flexibility for the choice of energy and intensity of the transmission source. This solution eliminates the need of the costly source change and provides a great deal of flexibility for the transmission energy unavailable with isotopic sources. To address the detection efficiency instability of NaI spectrometer as well as the instability of the X-ray source we use a differential scheme of measurements based on the energy dependence of UF 6 mass attenuation coefficient, where the gas density calculation is based on two simultaneous or alternating transmission measurements for two characteristic X-ray energy lines with substantially different attenuation coefficients for UF6 gas (Fig. 1) .
B. Selection ofTransmission Energies
The flexibility of energy selection is provided by the secondary transmission filters converting the bremsstrahlung continuum into characteristic X-ray radiation [10] . Some of the selection choices are shown in Fig. 2 . The choice of transmission energies is a very complex tradeotTbetween the attenuation in the pipe and UF 6 gas, operating voltage of the X-ray tube, and the NaI detector response. For instance, selection of low energy transmission sources provide better sensitivity to UF 6 gas density but also increases the initial calibration error due to attenuation in the pipe wall. On the other hand, use of high energies will reduce both the sensitivity to UF 6 density and uncertainties with the calibration. Additionally, the iodine escape peak from higher energy components of the bremsstrahlung spectrum will create spectral interference with the low energy peak and that needs to be taken into account. Our possible choices are Ag, Cd, In, and Sn the for the low-energy line transmission line E1 ,and Nd, Sm, and Gd for the high-energy transmission line E2.
III. TRANSMISSION SOURCE BASED ON AN X-RAY TUBE WITH TRANSMISSION FILTERS

A. Selection ofX-ray Tube
The selection ofthe type of X-ray tube is critical for longterm stability and reliability. The life expectancy of an X-ray tube is driven mainly by filament erosion and vacuum stability. Therefore we chose an X-ray tube capable of operating at nominal beam currents many times higher than needed for this particular application. The reduction of the operating current, and therefore the filament and anode operating temperatures, leads to dramatic reduction of all aging effects: filament life expectancy, anode erosion, and vacuum deterioration. For instance, reduction of the operating current by a factor of two leads to an increase of the filament life expectancy by more than an order of magnitude [9] . Operating the tube at a current below nominal creates some instability because the current control of X-ray HV power supply is based on total current provided by the source, but the intensity of the bremsstrahlung is proportional to the anode beam current only. The effect ofthat instability is addressed by the differential method of measurements described in Section Ill. .P ipeB ecause both lines are generated by same X-ray tube and measured by the same NaI spectrometer, the instabilities in the primary X-ray radiation as well as the instability of the detection efficiency cancel, providing long-term stability beyond that of the system components (source and spectrometer) (patent pending) [8] .
There are two noticeable differences in (3) f.1~~"6,f.1~}6,PUF6,duF6 are the mass attenuation coefficients~density and thickness of the UF 6 gas. thus providing cancellation of all other factors affecting proportionally the parameters of both lines.
• The attenuation in the pipe wall is present. It is a constant in the expression for 1 0 that is canceled by the empty pipe calibration. In the other method for calibration~described in [3] ~the uncertainties of wall thickness participate directly in the initial calibration for gas density.
IV. ENRICHMENT MONITORING HEAD
The bench prototype with side shields removed is shown on Fig.4 . Instead of being suspended from the pipe~the monitoring head is designed as a shielding box surrounding the pipe. The X-ray tube and detector are embedded in the top and bottom plates ofthe shield. The transmission filter is embedded in a holder between the tube and collimator. This compact assembly also serves as a shield. The X-ray tube is clamped to the collimator/shield assembly by brackets holding a safety interlock switch to prevent operation when the tube is not inserted in the collimator. The initial tests show no radiation leakage from the monitoring head assembly when operating.
(2)
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The expression (3) can be converted to a classical form of111 0 if(l) and (2) are solved for P U F6 = 0 and attenuation in the wall is expressed by the ratio of 1;1 and 1;2:
where s' C~C C eon " , ee01IV are the Intensity of X-ray del del source~the NaI spectrometer detection efficiencies~and the conversion efficiencies of the transmission filters for the E1 and E2 K-alpha linesB y combining (1) and (2) and solving for PUF6 we have:
The X-ray tube produces a bremsstrahlung spectrum with intensity Is. The thickness of the transmission filters for E1 and E2 lines are selected to convert the bremsstrahlung to transmission lines that have similar intensities~1 1 £1 and 1 1 £2r espectively~after attenuation in the pipe. We can express these as: Pressure readings are made with a very accurate Baratron pressure gauge and a temperature gauge. The gas is removed from the Al cylinder by cooling the sample containers while the rest of the assembly is kept at about 30°C. An advantage of the proposed design is that once the pipe and pressure 
VII. CONCLUSIONS
The design of an advanced enrichment monitor and UF 6 gaseous calibration source have been discussed. The design of the enrichment monitor addresses two major issues: need for replacement of decaying radioactive source and improving the accuracy by simultaneous calibration. The radioactive source is replaced by an X-ray tube with transmission filters. The UF6 gas density measurement is based on the energy dependency of the mass attenuation for two characteristic Xray lines. An analytical expression of UF6 density is derived and criteria for selection of transmission energies have been discussed. Because of the differential method of measurement the UF6 gas density does not depend on the intensity of the Xray source. We describe a design of a sealed UF6 gas test stand for development testing and calibration of various on-line enrichment monitoring instruments. The sealed source is intended to replace a UF6 gaseous loop, currently used for calibration.
selectors are filled with UF6 gas under nominal pressure, the intermittent value of the pressure depends only on the ratio of the volumes, and therefore are very reproducible.
The prototype of a sealed gaseous source is shown in Fig 6 . The selector valves are manually operated for the prototype. Further work is envisioned to provide a computer controlled version for user friendly operation. ....
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VI. UF 6 SEALED CALIBRATION SOURCE
The current calibration techniques [3] rely on a piece of pipe incorporated in a UF6 gas loop where the enrichment and UF 6 gas pressure can be varied. This is a complex installation with limited access and high operational cost requiring dedicated personnel. The development of advanced enrichment technology and its widespread implementation requires a simple, laboratory bench-type instrumentation that can be operated by developers and users of the enrichment monitoring technology.
Our concept is based on a piece of pipe connected to two manifolds with four sampling cylinders connected to each of the manifolds (Fig. 5) . The manifolds and cylinders are connected through valves. Once assembled, the system is evacuated, leak checked, and treated to passivate the internal surfaces. The cylinders in the right group are filled with a few grams of UF 6 with 0.3%, 0.7%, 4.5%, and 18% enrichment corresponding to depleted, natural, low-enriched and highly enriched uranium. The design allows shipment of the whole source assembly and containers with UF 6 material. The volume of the Al pipe is much higher than the volume of each sample container; therefore, when some valves are opened, the pressure inside will be proportional to the volumes open to the pipe.
V. CALIBRATION PROCEDURE FOR GCEP
We base our calibration procedure on the one described in the CEMO report where a laboratory calibration performed on a piece of pipe with the same parameters is used as an initial calibration [3] . Because the attenuation in the pipe is the order of800 to 1000 times larger than the attenuation in the gas, small differences in the wall thickness can lead to significant initial calibration errors for the UF6 gas density. Therefore, we add a correction for wall thickness based on a precise ultrasonic gauge.
